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Abstract
Cryopreservation of Senegalese sole sperm can represent an alternative to overcome some
reproductive problems of this species. However, it is important to guarantee the safe use of
cryopreserved sperm by selecting an appropriate protocol according to a high demand qual-
ity need to be ensured. It has been demonstrated that traditional assays such as motility and
viability do not provide enough information to identify specific damage caused by cryopres-
ervation process (freezing and thawing). Specific tests, including lipid peroxidation and DNA
damage, should be performed. In the present study, motility and lipid peroxidation were per-
formed as specific tests allowing us to discard cryopreservation conditions such as metha-
nol as internal cryoprotectant and bovine serum albumin as external cryoprotectant. In
addition, a caspase 3/7 detection by flow cytometry was performed to analyze apoptosis
activity in the best selected conditions. Moreover, new highly sensitive tests based on tran-
script number detection have recently been described in fish sperm cryopreservation. For
this reason, a transcript level detection assay was performed on certain oxidative and chap-
erone genes related to fertilization ability and embryo development (hsp70, hsp90BB,
hsp90AA, gpx) to select the best cryopreservation conditions. DMSO+ egg yolk proved to
be the best cryoprotectant combination in terms of transcript level. This study describes an
optimized cryopreservation protocol for Solea senegalensis sperm demonstrating for the
first time that transcript degradation is the most sensitive predictor of cell status in this spe-
cies after cryopreservation.
Introduction
Sperm cryopreservation has become a practice for artificial fertilization in species of commer-
cial interest, endangered species or species with an interesting genotype. This technology
could represent an important tool in Senegalese sole reproduction. In this species, low sperm
volume and quality could be one of the causes of poor fertilization rates. Moreover, this species
presents variable semen quality [1–4], thus reducing the chances of successful fertilization.
Therefore, the possibility of sperm cryobanking would guarantee the continuous availability
and gamete control quality. In Senegalese sole, cryopreserved sperm has traditionally been
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evaluated only by fertilization ability and the protocol used was directly applied from another
flatfish species without any further assays [5,6]. In these studies, the successful fertilization rate
was approximately 30% when cryopreserved sperm was used, which indicates the need to per-
form an exhaustive analysis to identify the type of damage that occurs. As in other species, it is
well known that the cryopreservation process can damage spermatozoa at several levels such as
plasma membrane (lipid peroxidation), mitochondria function and morphology [7,8]. This
damage can ultimately affect cell viability and fertilization capacity. In addition, the impor-
tance of apoptosis activity detection in fish sperm, was revealed in a recent study, where
authors implemented a sperm selection method for the recovery of a nonapoptotic sperm sub-
population. This study demonstrated that caspase detection in the identification of apoptotic
cells in S. senegalensis seminal samples was more specific than other fluorescent dyes such as
YO-PRO-1 [9]. YO-PRO1 is a green fluorescent DNA marker for cells with compromised
plasma membrane acting as a potential early marker of cell death. Research on fish sperm has
reported the use of this nucleic acid stain that permeate cells just after membrane destabiliza-
tion, in conditions where the commonly used PI (propidium iodide) normally used with
SYBR 14 does not permeate [9].
In view of this, specific tests are necessary to guarantee the total safety and efficiency of the
cryopreservation process. Many efforts have recently been made in the study of DNA using
different approaches such as the comet assay (single cell gel electrophoresis), TUNEL (terminal
deoxynucleotidyl transferase-nick-end-labelling) and SCSA (sperm chromatin structure
assay), since DNA damage may impair fertility or embryo development [10]. SCSA and
TUNEL have not been used generally in fish sperm, however comet assay is widely employed
which contributes to additional information on DNA damage, revealing the existence of single
and double strand breaks in individual cells [11]. Recent studies have highlighted this type of
damage in rainbow trout, European seabass, Senegalese sole and gilthead seabream sperm
[12–16]. However, none of these techniques have been applied in Senegalese sole sperm cryo-
preservation until now. Although these specific tests provide a considerable number of data on
cell status, they only give a general vision of chromatin damage and its integrity. In recent
years, novel methods have been developed for the detection and quantification of relevant
sperm transcripts based on qPCR, some of which have been used to evaluate genetic damage
after cryopreservation in human [17] and other fish species such as gilthead seabream and zeb-
rafish [18]. These assays provide information about different mRNA pattern profiles and can
be used to detect different spermatozoa susceptibilities between species. Moreover, the studies
in zebrafish and gilthead seabream sperm demonstrated that certain transcripts, such as bdnf
and kita, were more abundant in good breeders with high fertility rates [18]. These studies pro-
vided a relevant observation showing that alterations in spermatozoa transcripts in fish have a
direct effect on fertilization ability [18].
In this context, heat shock proteins (Hsps) are very relevant. Hsp are highly conserved
molecular chaperones that participate in a wide spectrum of functions [19]. Moreover,
in mammalian sperm, it has been demonstrated the critical role of hsp70 and hsp90 on fertili-
zation ability [20,21] and post-fertilization events [22–24]. Matwee and colleagues [22],
demonstrated that the exposure of mammalian embryos to antisense oligonucleotides com-
plementary to hsp70 mRNA not only significantly decreased development to the hatched
embryos, but also increase the frequency of DNA fragmentation and apoptosis [23].
Other valuable indicators of oxidative stress and implicated on fertilization ability and
embryo development have been described in human sperm [25]. Meseguer and colleagues
[25] described the relationship between human sperm with low glutathione peroxidase (gpx)
mRNA expression and cleavage asymmetry in the embryos. These results indicated that sperm
derived transcripts conditioned embryo quality and persisted even to blastocyst stage [25].
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Although different specific tests and candidate biomarkers have been used in sperm of
several species, their application in Senegalese sole sperm cryopreservation has not been dem-
onstrated until now. The aim of this study was to demonstrate the useful application of differ-
ent specific tests and molecular tools for establishing an optimized sperm cryopreservation
protocol in Senegalese sole. Therefore, these techniques would contribute to the knowledge of
different types of damage and their consequences on fertilization success using cryopreserved
sperm.
Materials and methods
Ethics statement
All experiments were performed according to directives PORT 1005/92 of the Portuguese
direction for veterinary and food services (DGAV) and 2010/63/EU of the European Parlia-
ment and Council, and to guideline 86/609/EU of the European Union Council. CCMAR
animal care committee was constituted after these experiments and therefore experimental
approval by the institution was not necessary according to the Portuguese legislation. Never-
theless, all the persons involved in the experiments have a FELASA class C permit for animal
experimentation, and the CCMAR facilities where the work was conducted are authorized by
DGAV for animal experimentation. The authorization for experimental procedures with germ
cells were previously approved by DGAV (ref.0421/000/000/2013).
Animals
Senegalese sole wild breeders were acquired from Atlantik fish (privately owned land: 37˚
12’40.9"N 7˚25’55.5"W9), sexed as described previously by Cabrita and colleagues [26], PIT-
tagged and acclimated to captivity at the Ramalhete Experimental Station (37˚0’27"N—7˚
59’41"W, CCMAR, Faro, Portugal) for at least one year prior to the experiments described
hereinafter. Breeders were stocked into four 3 m3 indoor round fibreglass tanks, each contain-
ing 12 fish with a density of 5 kg/m2 (mean weight: 1.1±0.33 kg for males and 1.8±0.39 kg for
females). The sex ratio was set at 2 to 1 (male:female). Water exchange was kept at 0.5 m3 /h
and aeration was provided [2]. Photoperiod was simulated with a clock system according to
environmental conditions in the area. Temperature varied according to external conditions
maintaining thresholds of 21˚C in spring-summer months (May-September) and 12˚C in win-
ter months (November-February). Broodstocks were fed on artificial pellets (SPAROS Lda.) at
a daily ration of 1–3% biomass. According to the Directive 2010/63/UE on the protection of
animals used for scientific purposes, the procedures described are classified as “mild” and no
sacrifice of breeders was performed.
Sperm collection
Sperm was collected from the 15th of March to the end of June 2015 (corresponding to natural
spawning season) when breeders were maintained at temperatures of 18±1.2˚C. Individuals
were anaesthetized with 300 ppm 2-phenoxyethanol during 10 min before sperm collection.
Sperm collection was performed as previously described by Cabrita and colleagues [26]. The
urogenital pore was dried, sperm was collected with a syringe or with a 20 μl micropipette by
gently pressing the testes on the fish blind side. Samples were stored on ice in a Styrofoam sup-
port until further analysis, discarding samples contaminated with urine. Prior to the analysis,
sperm was diluted 10-fold in a non-activating medium: Ringer solution (20 mM HEPES, 5
mM KH2PO4, 1 mM MgSO4, 1 mM CaCl2, 136 mM NaCl, 4.7 mM KCl, 300 mOsm/Kg, pH
7.5) and 5 μl of diluted sperm were used for measuring cell concentration and motility to
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discard low quality samples. Only pools with total motility higher than 75% were cryopre-
served. Ten pools of sperm containing 10 males per pool were made (n = 10).
Cryopreservation assays
S. senegalensis sperm was cryopreserved using the extender proposed for this species by
Chereguini et al. [27] (Mounib solution: 125 mM sucrose, 100 mM KHCO3, 6.5 mM reduced
glutathione). Different combinations of external and internal cryoprotectants (CPAs) were
included. As internal CPAs, 10% dimethyl sulphoxide (DMSO), 10% dimethylformamide
(DMF) and 10% methanol (MetOH) were tested. As external CPAs, 10% egg yolk (EY) and 1%
bovine serum albumin (BSA) were added (S1 Fig: Graphical abstract). All chemicals were pur-
chased from Sigma (Spain) and were of reagent grade or higher. Taking into account that the
main objective of this work is to establish an optimized cryopreservation protocol in this spe-
cies improving the previous protocol that contained 10% DMSO + 1% BSA, this combination
was considered as the cryopreservation control media in this work.
A dilution rate of 1:2 in the extender (sperm: extender) was used according to the low
sperm concentration found in this species. During 2 min of equilibration time, the sperm
with the CPAs was loaded into 0.25 ml straws and after this time, straws were placed on a
horizontal rack 2 cm above liquid nitrogen in a Styrofoam box. Sperm freezing was per-
formed in nitrogen vapors for 10 min (S1 Fig: Graphical abstract). This freezing rate was
described previously as the most suitable for this species by our group [6]. The straws were
then immersed in liquid nitrogen and stored in a nitrogen container. Sperm samples were
thawed in a water bath at 25˚C for 10 s just before the beginning of sperm analysis. No wash-
ing step was performed after thawing to avoid the removing of the material released by
the broken cells. The samples were processed immediately, for this purpose, 3 straws were
thawed from the same treatment and pooled. All protocols were previously assayed in fresh
sperm in order to discard CPA interference.
Conventional sperm quality assays in Senegalese sole cryopreserved
sperm
Motility. Total motility was determined in all samples using computer assisted sperm
analysis (CASA) and ISAS software (ISAS, Proiser R+D, S.L., Spain). Motility analysis was
performed activating 1 μl of post-thaw sperm with 5 μl of seawater (21˚C and 35 ppt salinity).
For all the analyses, motility was assessed in a Makler chamber using a phase-contrast micro-
scope (Nikon 200, Japan) with a 10 x negative contrast objective and a digital camera (Basler
A312f C-mount, Germany) set for 50 fps. The settings for CASA software were adapted for
this species. Thawed sperm concentration was measured using the same software and the val-
ues ranged from 1 to 5 x 109 spermatozoa/ml in all analyzed samples. The following CASA
parameters were registered: percentage of motile cells and velocity according to the actual path
(VCL; μm/s). Motility parameters were considered at 15, 30, 45 and 60 seconds post-activation.
Both cell concentration and motility determination were repeated 3 times with 3 different sub-
samples. Experiments were performed in cryopreserved samples using 6–10 pools of 10 indi-
vidual males for each treatment.
Viability. Propidium Iodide (PI-Sigma, Spain) was added at 1 μg/ml final concentration
to detect dead cells. Immediately after, samples were acquired in a flow cytometer (FACSCali-
bur, BD Biosciences, CA, USA) adjusted for blue excitation (488 nm) line for the detection of
PI (670/30). Flow cytometer settings were previously adjusted using a positive (100% dead
cells) and a negative control (fresh sperm). Data analysis was performed applying Weasel 3.1
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free software. A total of 75,000 events were counted for each sample. 8–10 pools of 10 individ-
ual males for each treatment were analyzed. The percentage of viable cells was recorded.
Specific test development in Senegalese sole cryopreserved sperm
Comet assay. The comet assay was performed according to the method described by Cab-
rita et al. [28] with slight modifications. Briefly, 10 μl of semen were diluted in a non-activating
solution (Ringer) to obtain a final concentration of approximately 106 spermatozoa per ml.
Cells were embedded in 0.5% agarose prepared in 0.1 M PBS and placed in agarose pre-coated
slides. The slides were placed in a coplin jar containing the lysis solution (2.5 M NaCl, 100 mM
Na2-EDTA, 10 mM Tris, 1% Triton X-100, 1% Lauril sarcosine, pH = 10) at 4˚C for 1 h. For
electrophoresis, the slides were placed in an electrophoresis cube (sub-Cell GT, Bio-Rad, Por-
tugal) filled with approximately 1.5 l of electrophoresis solution (0.3 M NaOH, 1 mM Na2-
EDTA, pH = 12). Electrophoresis was conducted at 25 V and 300 mA at 4˚C for 10 min. After
electrophoresis, the slides were drained and washed in the neutralizing solution (0.4 M Tris,
pH = 7.5) at 4˚C for 5 min (this step was performed twice). The slides were drained, fixed in
pure methanol and stored at 4˚C until further observation. After electrophoresis the slides
were photographed (Nikon DS-Ri1, Japan) using PI (1 mg/mL) to stain DNA and observe
the comets. A total of 100 cells were analyzed in the two slides performed by treatment. The
percentage of DNA fragmentation (DNAt) was the parameter recorded with the KOMET 6.0
software (Andor Technology, Ireland). A total of 6–10 pools of 10 individual males for each
treatment were analyzed.
Lipid peroxidation. To determine the lipid peroxidation level, the concentration of mal-
ondialdehyde (MDA) was quantified using a colorimetric assay (kit BIOXYTECH LPO-586™,
OxisResearch™, USA), following the protocol described by Martı´nez-Pa´ramo et al., [29],
adapted for Senegalese sole sperm. MDA concentrations were calculated from a standard
curve and presented as nmoles of MDA per million spermatozoa. Each cryopreserved sample
(n = 6–10 pools) was processed in triplicate.
Caspase detection. In order to provide evidences on the cell status of cryopreserved
sperm, the Caspase-3/7 assay using flow cytometry was carried out. For this purpose, thawed
sperm from the two best CPAs conditions defined using the previous tests was stained with
Muse Caspase-3/7 Kit (Millipore, Portugal) following the manufacturer’s instructions, using a
positive and a negative control. This assay detects Caspase-3/7 activity binding to DEVD pep-
tide substrate (this sequence is based on Caspase 3 and 7 cleavage sites). Moreover, a cell death
dye, 7-aminoactinomycin D (7-ADD) was employed to detect changes in membrane perme-
ability and providing information on membrane integrity. 7-AAD has been used to distinguish
between viable cells (7-AAD negative) and apoptotic cells or dead cells (7-AAD bright) using
the fact that permeability of the cell membrane, and hence fluorescence intensity, is low in
early apoptotic cells and high in late apoptotic and dead cells. Immediately after, samples were
acquired in a flow cytometer (FACSCalibur, BD Biosciences, CA, USA) equipped with a 488
nm laser for excitation of the Caspase 3/7 Green (FL2-H) and 7-ADD (FL3-H) fluorochromes
and a 530/30 BP filter and a 690/50 BP filter for fluorescence emission. Data analysis was per-
formed applying Weasel 3.1 free software. A total of 75,000 events were counted for each sam-
ple. For this analysis the best CPA conditions were analyzed (n = 3 pools with 10 individual
males, and 3 technical replicates).
Molecular characterization of Senegalese sole cryopreserved sperm
Gene expression. RNA isolation and DNase treatment. RNA was extracted from sperm
cryopreserved using the best CPA combinations obtained in the previous tests (DMSO+EY
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and DMF+EY), using Tri-Reagent (Sigma, Spain) according to the manufacturer´s protocol
adapted for fish sperm [18]. RNA quantity and purity were determined using a Nanodrop
spectrometer (Nanodrop 1000, Thermo Scientific, Portugal). Total RNA isolated was treated
with DNase using the DNase I, RNase free kit (Thermo Scientific, Portugal) for 30 min at 37˚C
to remove genomic DNA contamination. The quality of RNA samples was checked on an aga-
rose gel. The isolated RNA showed high purity (A260/280 > 1.8) and was stored at -80˚C until
further use.
Reverse transcription. Complementary DNA (cDNA) was obtained from 1 μg RNA using
the cDNA synthesis kit (Bio-Rad, Portugal), following the manufacturer´s protocol. The
cDNA from cryopreserved sperm with the best CPA conditions (DMSO+EY and DMF+EY)
was stored at -20˚C before qPCR analysis. Reverse transcription (RT-PCR) conditions were
25˚C for 5 min, 42˚C for 30 min and 85˚C for 10 min.
Real-time PCR analysis. Real time PCR analysis was carried out using an iCycler Q Multi-
color PCR Detection system (Bio-Rad, Portugal). Reactions were performed in 20 μl volume
containing 10 μl of SsoFast EvaGreen Supermix (Bio-Rad, Portugal), 2 μl of primers (0.5 mM)
(Table 1) and 2 μl of cDNA template. The amplification protocol used was as follows: initial
denaturation for 10 min at 95˚C, followed by 40 cycles of 95˚C for 15 s and 60˚C for 1 min,
and finally 5 s at 95˚C. The primers and amplification protocols chosen for expression assays
were as previously published for hsp70 [30], glutathione peroxidase (gpx) [30], hsp90AA and
hsp90BB [31], respectively (S1 Fig: Graphical abstract and Table 1). For gpx the protocol was
the same as previously reported, but the annealing temperature was modified to 63˚C. All
these transcripts were selected for their implication on fertilization ability and post-fertiliza-
tion events. Expression levels of each Senegalese sole transcript relative to the ubiquitin house-
keeping gene (ubq) were calculated for all transcripts using the delta-delta-Ct (2-ΔΔCt) method,
which is an algorithm to analyse relative changes in gene expression. It requires the assignment
of one housekeeping gene, which is assumed to be uniformly and constantly expressed in all
Table 1. List of primers for S. senegalenesis transcript abundance assays. Gene name, abbreviation, sequences start from 5´ to 3´, reference, anneal-
ing temperature and amplicon size are specified for each pair of primers.
GENE REFERENCE ABBREVIATION OLIGO SEQUENCE 5´-3 TM
(˚C)
AMPLICOM LENGHT
(BP)
Heat shock protein 70 kDa protein [30] hsp70 F-GCTATACCAGGGAGGGATGGAAGGAGGG 60 119
R-CGACCTCCTCAATATTTGGGCCAGCA
Heat shock protein 90 kDa protein
cDNA variant AA
[31] hsp90AA F-GACCAAGCCTATCTGGACCCGCAAC 60 105
R-TTGACAGCCAGGTGGTCCTCCCAGT
Heat shock protein 90 kDa protein
cDNA variant BB
[31] hsp90BB F-TCAGTTTGGTGTGGGTTTCTACTCGGCTTA 60 148
R-GCCAAGGGGCTCACCTGTGTCG
Glutathione peroxidase [30] gpx F-GATTCGTTCCAAACTTCCTGCTA 63 212
R-GCTCCCAGAACAGCCTGTTG
β-actin [33] actb2 F-AATCGTGACCTCTGCTTCCCCCTGT 60 114
R-TCTGGCACCCCATGTTACCCCATC
Translation initiation factor eIF-α subunit [33] ef1α F-GATTGACCGTCGTTCTGGCAAGAAGC 60 142
R-GGCAAAGCGACCAAGGGGAGCAT
Glyceraldehyde-3-phosphate
dehydrogenase
[33] gapdh2 F-AGCCACCGTGTCGCCGACCT 60 107
R-AAAAGAGGAGATGGTGGGGGGTGGT
18s RNA [33] 18s F-GAATTGACGGAAGGGCACCACCAG 60 148
R-ACTAAGAACGGCCATGCACCACCAC
Ubiquitin [33] ubq F-AGCTGGCCCAGAAATATAACTGCGACA 60 93
R-ACTTCTTCTTGCGGCAGTTGACAGCAC
https://doi.org/10.1371/journal.pone.0186542.t001
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samples [32]. Results were expressed as the mean ± SE of the 2-ΔΔCt method of three indepen-
dent experiments of three different pools of males containing ten individual males. DMSO
+EY was used as reference treatment.
Housekeeping gene stability study. Taking into account that the stability and uniformity
of housekeeping gene is crucial in the 2-ΔΔCt method, we carried out a previous analysis regard-
ing reference gene stability according to published studies in Senegalese sole larvae [33]. For
this study, we analysed highly expressed genes such as glyceraldehyde-3-phosphate dehydroge-
nase (gapdh2), β-actin (actb2), 18S ribosomal (18s), ubiquitin (ubq) and subunit a1 of the
elongation factor 1 gene (ef1α) that have been considered as putative housekeeping genes in
Senegalese sole larvae (Table 1) [33]. The stability of these housekeeping genes were previously
analysed using the different tested cryoprotectants (DMSO and DMF) and fresh sperm sam-
ples in order to demonstrate their stability in a specific physiological process (cryopreserva-
tion) or condition (using DMSO or DMFA). For this analysis the best CPA conditions were
analysed comparing to fresh sperm samples (n = 3 pools with 10 individual males, and 3 tech-
nical replicates) (S2 Fig). NormFinder software was also used to evaluate the candidate nor-
malization genes. NormFinder has the ability to measure the gene expression stability taking
into account intra- and inter-variations in defined sample groups or treatments. The combina-
tion of these estimates provides a direct measure of the variation in expression for each gene.
This function determinates the best reference genes for normalization [34].
Statistical analysis
Data were analyzed using SPSS V.22 (IBM, USA) and Microsoft Excel. To analyse the effects of
different cryopreservation protocols on sperm motility, a general linear model with the Bon-
ferroni correction was used (p< 0.05). One-way ANOVA (p<0.05) was performed followed
by Student-Newman-Keuls (S-N-K) as a post hoc test for viability, comet assay and lipid per-
oxidation results after Senegalese sole sperm cryopreservation. Results were expressed as mean
of percentages in all analyses of 6–10 pools containing 10 individual males. A Principal Com-
ponent Analysis was performed to reduce the dimensionality of a data set in which there are a
large number of interrelated variables, while retaining as much as possible of the variation
present in the data set (S3 Fig). In caspase activity studies, the Student´s t-test between the two
best CPA conditions was also performed. Results were expressed as mean of percentages of 3
pools of 10 individual males.
qPCR results were expressed as the mean ± SE of the 2-ΔΔCt method. The Student´s t-test
(μ = 1) was performed according to previous studies [35] to identify changes in transcript lev-
els between both cryopreservation treatments (DMSO+EY and DMF+EY).
Results
Conventional sperm quality assays in Senegalese sole cryopreserved
sperm
Motility. In general, cryopreserved sperm with different CPA combinations showed high
initial motility (15 s post activation) (Fig 1A). In the case of samples cryopreserved with
MetOH, regardless of the external CPA employed (10% EY or 1% BSA), the percentages of
total sperm motility (15 s post activation) were significantly lower than 40% (p<0.05). When
these samples were compared to samples cryopreserved with the other cryoprotectants with
both external CPAs, DMSO or DMF presented higher motility (50–60%). Sperm motility
decreased with time post-activation (from 15 to 60 s) as we expected, showing the same pattern
among the different cryopreservation protocols (Fig 1A). MetOH+BSA samples showed
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significant lower motility percentages (p<0.05) but a lesser decrease in motility over time in
comparison with those cryopreserved with 10% DMF+BSA (Fig 1A).
Regarding sperm curvilinear velocity (VCL), no significant differences were found among
CPAs. General values were higher than 55% in all the studied treatments (Fig 1B).
Fig 1. S. senegalensis sperm motility after cryopreservation. Three different internal cryoprotectants (CPAs) were tested: dimethyl sulfoxide (DMSO),
dimethyl formamide (DMF) and methanol (MetOH), at 10% concentration, supplemented with two different external CPAs: 1% bovine albumin serum
(BSA) and 10% egg yolk (EY). The following CASA parameters were recorded: (A) percentage of motile cells and (B) velocity according to the actual path
(VCL; μm/s). Motility parameters were considered at 15, 30, 45 and 60 seconds post-activation. All results were expressed as a mean of percentages ± SE
of 6–10 pools of 10 individual males for each treatment. A general linear model with the Bonferroni correction was used (p< 0.05). Different letters show
significant differences between conditions (p<0.05).
https://doi.org/10.1371/journal.pone.0186542.g001
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Viability. Viability results obtained by PI staining analysed by flow cytometry showed no
significant differences in the percentage of viable cells among the different cryopreservation
protocols. All viability percentages were higher than 70%, resulting in high viability rates after
cryopreservation (Fig 2).
Linking the motility and viability results, 10% MetOH supplemented with 10% EY or 1%
BSA as external cryoprotectants were the most toxic combinations for Senegalese sole sperma-
tozoa. Although no significant differences were observed in the viability parameter, MetOH
obtained the lowest percentage of viable cells when combined with BSA (Fig 2).
Specific test development in cryopreserved Senegalese sole sperm
Comet assay. When DNA fragmentation was analysed in cryopreserved samples using
different CPA combinations, a low percentage of DNA damage was found after thawing (Fig
3). All obtained fragmentation rates provided as percentage of DNA in the tail (DNAt) were
lower than 20% except in the samples cryopreserved with MetOH+BSA. There were no
Fig 2. S. senegalensis sperm viability after cryopreservation. A) Three different internal cryoprotectants
(CPAs) were tested: dimethyl sulfoxide (DMSO), dimethyl formamide (DMF) and methanol (MetOH), at 10%
concentration, supplemented with two different external CPAs: 1% bovine albumin serum (BSA) and 10% egg
yolk (EY). The percentage of viable cells was expressed as a mean of percentages ± SE of 8–10 pools of 10
individual males for each treatment. One-way ANOVA (p<0.05) was performed and no significant (p< 0.05)
differences were found among the cryopreservation media. B) Flow cytometry histograms obtained after
propidium iodide (PI) staining.
https://doi.org/10.1371/journal.pone.0186542.g002
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significant differences among treatments and the highest percentage of DNA fragmentation
was found in the samples cryopreserved with MetOH+BSA (21.28%) (Fig 3).
Lipid peroxidation. Malondialdehyde (MDA) was determined in all cryopreserved sam-
ples as a measure of lipid peroxidation status. The highest MDA concentration was found in
sperm samples cryopreserved with 10% MetOH+BSA (325.14 nmoles of MDA per million
spermatozoa) (Fig 4). In contrast, the lowest lipid peroxidation levels were found in samples
cryopreserved with DMSO or DMF when EY was used as external CPA (103.69 and 120.36
nmoles of MDA per million spermatozoa, respectively) (Fig 4). These combinations showed a
significant (p<0.05) lower MDA concentration resulting in an improvement in lipid peroxida-
tion protection.
A Principal Component Analysis was performed to confirm the best sperm quality descrip-
tor when comparing cryopreserved samples. According to PCA results, two components were
obtained, one explaining 93% of the total variance of our results (component 1), and the other
explaining 5% (component 2). Component 1 corresponds to lipid peroxidation data, and com-
ponent 2 corresponds to motility parameters. In view of these results, all treatments containing
MetOH and BSA were discarded in the next step of the cryopreservation analysis (S3 Fig).
Fig 3. S. senegalensis sperm fragmentation after cryopreservation. Three different internal cryoprotectants (CPAs) were tested: dimethyl sulfoxide
(DMSO), dimethyl formamide (DMF) and methanol (MetOH), at 10% concentration, supplemented with two different external CPAs: 1% bovine albumin
serum (BSA) and 10% egg yolk (EY). The percentage of fragmented DNA (DNAt) was expressed as a mean of percentages ± SE of 6–10 pools of 10
individual males for each treatment. One-way ANOVA (p<0.05) was performed and no significant (p< 0.05) differences were found among the
cryopreservation media. A total of 100 cells were analyzed in the two slides performed by treatment.
https://doi.org/10.1371/journal.pone.0186542.g003
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Caspase detection. A detection of different caspases involved in early and late apoptosis
was carried out under the best selected CPA conditions (DMSO+EY and DMF+EY) in Senega-
lese sole sperm. The percentage of early and late apoptotic cells between both cryopreservation
conditions was different, revealing a significant increase (p<0.05) in sperm samples cryopre-
served with DMF+EY (6.4% early apoptosis and 8.9% late-apoptosis) in comparison with
DMSO+EY (3.3% early apoptosis and 4.6% late apoptosis) (Fig 5). No significant differences
were found in viable cells between cryopreservation treatments, which are in accordance with
previous data obtained in viability studies using PI staining and flow cytometry (Fig 1).
Molecular characterization of Senegalese sole cryopreserved sperm
Housekeeping gene stability. Taking into account that housekeeping gene stability is the
most important parameter for accurate normalization in gene expression studies, a housekeep-
ing gene stability expression study was performed. ubq proved to be the most suitable reference
gene in terms of stability according to previous studies performed in S. senegalensis larvae and
to our own results [33]. Ct values varied between 15 (18s rRNA) and 26.14 (gapdh2). actb2,
gpdh2 and ef1α were expressed at low levels in S. senegalensis sperm (median Ct values around
23 cycles). The smallest Ct variation was exhibited by ubq (0.606 stability value) housekeeping
gene in Senegalese sole comparing fresh sperm samples with different cryopreserved ones
(DMSO+EY or DMF+EY) (S2 Fig).
On the contrary, gapdh2 (0.746), actb2 (0.960), ef1α (0.691) and 18s (1.814) showed the
most variable expression levels corresponding to higher stability values in S. senegalensis sperm
by NormFinder software analysis, which is in accordance to previously studies published in
Senegalese sole larvae [33] (S2 Fig).
Gene expression assay. Transcript level characterization in DMF+EY cryopreserved
sperm showed a significant decrease (p<0.05) in all studied transcripts when comparing to
DMSO+EY used as reference treatment for this study (Fig 6). This decrease was higher in the
Fig 4. S. senegalensis sperm lipid peroxidation after cryopreservation. Three different internal
cryoprotectants (CPAs) were tested: dimethyl sulfoxide (DMSO), dimethyl formamide (DMF) and methanol
(MetOH), at 10% concentration, supplemented with two different external CPAs: 1% bovine albumin serum
(BSA) and 10% egg yolk (EY). The concentration of malondialdehyde (MDA) presented as nmoles of MDA
per million spermatozoa were expressed as a mean ± SE of 6–10 pools of 10 individual males for each
treatment. One-way ANOVA (p<0.05) was performed followed by Student-Newman-Keuls (S-N-K) as a post
hoc test (p< 0.05). Different letters show significant differences between conditions (p<0.05).
https://doi.org/10.1371/journal.pone.0186542.g004
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gpx and hsp90AA transcripts where the differences between both treatments were higher than
ten-fold decrease in DMF+EY treatment comparing to DMSO+EY as reference treatment. In
the case of hsp90BB, previously described as less sensitive to thermal variations in this species
[31], we observed the lowest significant decrease (p<0.05) in transcript level in the case of
DMF+EY (0.44 fold) in comparison with the DMSO+EY (Fig 6).
Discussion
Sperm cryopreservation is an important tool for reproductive management in Senegalese sole.
The total safety of the technique should be guaranteed in order to obtain an optimized and
standardized cryopreservation protocol. It is therefore necessary to identify the type of damage
caused by cryopreservation, by performing specific tests at different levels. Some of these
assays were previously carried out in cryopreserved sperm of other important fish species as
gilthead seabream [10], but not in post-thaw sperm from Senegalese sole. In fact, this is the
first study that attempts to analyse post-thaw sperm quality in this species. The importance of
traditional tests such as motility and viability are evident and widely demonstrated in all sperm
cryopreservation protocols [29,36]. These assays are the first indicators in sperm quality after
thawing in most species. In our study, samples cryopreserved with MetOH, regardless of the
external CPA employed (10% EY or 1% BSA), registered the lowest percentages of total sperm
Fig 5. S. senegalensis sperm caspase detection after cryopreservation. Caspase detection by flow
cytometry under the best CPA conditions: dimethyl sulfoxide (DMSO) dimethyl formamide (DMF)
supplemented with 10% egg yolk (EY).Thawed sperm was stained with Caspase 3/7 Green (FL2-H) and
7-ADD (FL3-H) fluorochromes (530/30 BP and a 690/50 BP fluorescence emission filters). The percentages
of early apoptosis, late apoptosis, necrosis and viable cells were expressed as the means ± SE of three
independent experiments with 3 pools of 10 individual males for each. The Student’s t-test between the two
best CPA conditions was performed. Asterisks show significant (p<0.05) differences between treatments.
https://doi.org/10.1371/journal.pone.0186542.g005
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motility when these samples were compared to samples cryopreserved with the other cryopro-
tectant media. In the case of viability results, no differences were found among the different
cryopreservation media. However, these tests cannot allow differentiating certain types of
damage, and therefore some detrimental conditions cannot be discarded. This is especially
important in species where cryopreserved sperm seems to be less prone to suffer damage com-
pared with other species that cryodamage is more evident (e.g. European seabass) [29].
The second line of analysis consists on specific tests performed on cell damage such as lipid
peroxidation, DNA status and apoptosis. Oxidative stress is an important factor, which influ-
ences the production of seminal Reactive Oxygen Species (ROS); these ROS can cause sperm
dysfunction through lipid peroxidation of the sperm membrane and a decrease in fertilization
ability [37]. Moreover, several studies demonstrated that ROS attacks the chromatin integrity
causing nucleotide modifications, DNA strand breaks and cross-linking [38]. In addition,
production of ROS, which can damage DNA, proteins, and lipids [39], can ultimately lead to
apoptosis or necrosis in living cells [40]. In our study, lipid peroxidation assay played an
important role in discarding MetOH treatment and in establishing the best external CPA, egg
yolk (Figs 1A and 4). According to previous studies in European sea bass, lipid peroxidation
has an important role in sperm quality as it can be considered an important and consistent
marker [29]. Concerning to DNA fragmentation, no significant differences were found among
the cryopreservation media. The obtained fragmentation percentages in cryopreserved sperm
were lower (<25%) compared to data obtained by other authors for marine species such as
European seabass, 38.2% DNAt, [41], or gilthead seabream, 28.23%, for DNAt [28].
The assessment of seminal oxidative stress together with traditional sperm parameters may
play an important role in the diagnosis of sperm quality, providing an exhaustive perspective
of the consequences of the cryopreservation process and determining different susceptibilities
to several types of damage [37].
Fig 6. Expression levels of S. senegalensis sperm transcripts. Abundance of Senegalese sole
transcripts after cryopreservation with the best CPA conditions: dimethyl formamide (DMF) supplemented
with 10% egg yolk (EY) using as reference treatment dimethyl sulfoxide (DMSO) with 10% egg yolk (EY).
Transcript levels for each gene relative to ubq were calculated for all samples using the 2−ΔΔCt method. All
results were expressed as the means ± SE of three independent experiments with three replicates each. The
Student’s t-test (μ = 1) was performed to identify changes in transcript levels after cryopreservation. Asterisks
show a significant (p<0.05) difference in transcript level.
https://doi.org/10.1371/journal.pone.0186542.g006
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In our study, these assays contributed to selecting and discarding some CPA conditions in
Senegalese sole sperm cryopreservation demonstrating that MetOH showed the most toxic
effect on cells in terms of lipid peroxidation and sperm motility. Statistical analysis using PCA
confirmed these findings. The detrimental effect of MetOH on sperm motility has been previ-
ously reported in zebrafish sperm [42].
In terms of the effects of cryopreservation on spermatozoa apoptosis, we performed caspase
3/7 detection by flow cytometry in the best obtained CPA conditions (DMSO+EY and DMFA
+EY), since the activation of these caspases is sufficient to induce apoptosis [43]. We observed
a significant increase in apoptotic cells in Senegalese sole sperm cryopreserved with DMF+EY
in comparison with DMSO+EY (Fig 5), detecting events related with early and late apoptosis.
Apoptotic sperm should be avoided in order to increase the opportunities of successful fertili-
zation as previously demonstrated in sperm cryopreservation [44,45].
In recent years, novel molecular methods for germ cells quality characterization have
been described [46]. These techniques are based on the detection and quantification of some
important transcripts in sperm, critical to fertilization and successful embryo development
[17,24,47]. It is assumed that mRNA molecules present in spermatozoa are remnants of the
transcripts from spermatogenesis [48], playing a specific role in the cell [17,24,47,49]. In previ-
ous studies in human sperm it has been found that freezing and thawing process produce an
alteration of certain transcripts [17], and it might represent an important tool for validating
particular cryopreservation protocols [36]. However, the alteration in the number of sperm
transcripts caused by cryopreservation only can be explained by a degradation process since
spermatozoa is a transcriptionally inactive cell [50]. In addition, there are some sperm genes
that present a higher susceptibility to cryo-damage depending on their chromosomal localiza-
tion and the structural organization of the chromatin [51,52] as previously demonstrated in
zebrafish germ cells [46,53], trout [52] and human sperm [17].
In this work, qPCR results proved to be an effective assay as it enabled to differentiate
between two of the best cryopreservation treatments. The selected transcripts (hsp70, hsp90
and gpx) are involved in sperm quality [19,20], fertilization and successful embryo develop-
ment [20–23] in mice and humans. gpx transcript degradation in human sperm cells was cor-
related to the presence of asymmetric embryos indicating that sperm-derived mRNA may
condition human embryo quality and persist even to blastocyst stage [25]. Moreover, the
quantity of gpx mRNA has been correlated to post-thaw sperm motility in humans [47]. There-
fore, this mRNA can be employed as indicators of post-thaw sperm quality [47]. Taking into
account our results, where a significant decrease in gpx transcript was observed in sperm sam-
ples cryopreserved with DMF+EY, and according to previous evidences in human sperm, we
hypothesised that the use of these samples in fertilization assays would compromise the normal
embryo development in Senegalese sole.
In the case of hsp70 transcript, the presence of mRNA in spermatozoa may also play a role
in post-fertilization events, this chaperone may be required as a stress protector during early
cleavage prior to the activation of the embryonic genome [23]. Moreover, the inducible form
hsp90AA has been reported as a useful marker in Senegalese sole larvae response to thermal
stress caused by high temperature, contrary to the hsp90BB cDNA variant [31]. The differences
found in transcript degradation after cryopreservation between the best selected conditions
could be crucial, taking into account the participation of these transcripts in fertilization suc-
cess and the correct early embryonic development. Therefore, although these transcripts are
present in maternal genome [54,55], it seems that their presence in the sperm is crucial prior
to the activation of the embryonic genome [25]. In our study, we observed a significant
increase in degradation of all studied transcripts in DMF+EY treatment respect to DMSO+EY
(reference treatment, Fig 6). In the case of hsp90, we analysed two published cDNAs coding
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Senegalese sole hsp90 (hsp90AA and hsp90BB transcripts). Our results demonstrated that
hsp90AA is a more sensitive marker in response to thermal conditions in Senegalese sole than
hsp90BB, described previously by other authors as less suitable in this thermal response [31].
This transcript degradation points out, again, that DMSO+EY gives better protection to the
cells at low temperatures, preventing losses of these crucial transcripts.
Taking into account all the obtained results, DMSO+EY provides the best conditions in
Senegalese sole sperm cryopreservation when compared with other cryoprotectant media. It is
generally known that DMSO is the most widely used cryoprotectant for the cryopreservation
of fish sperm and provides better protection [56]. Moreover, the use of egg yolk (EY) as exter-
nal cryoprotectant has been reported to cover and interact with the cell membrane due to their
low-density lipoprotein fraction thereby reducing lysis during the freezing process [57,58].
However, the beneficial effects of EY supplementation appear to be species specific as
increased fertilization rates have been observed in Atlantic salmon [59], rainbow trout [60]
and common carp [61] but not in other fish species as northern pike [62] or asp [63].
Molecular tools are an important and useful step for selecting the most suitable cryopreser-
vation protocol and its standardization, ensuring the total safety of this technique. This study
represents the first step towards the possibility of selecting cryopreservation protocols in this
species from a molecular point of view, demonstrating that transcript degradation is the most
sensitive predictor of cell status. Further studies are being performed in order to demonstrate
the real consequences of this specific transcript degradation on fertilization ability.
Supporting information
S1 Fig. Graphical abstract: S. senegalensis sperm cryopreservation protocol and the differ-
ent assays performed after thawing. A) Sperm cryopreservation protocol, B) Conventional
assays, C) Specific assays, D) Novel and molecular assays.
(TIF)
S2 Fig. S. senegalensis sperm housekeeping gene stability studies. Different housekeeping
genes were selected as glyceraldehyde-3-phosphate dehydrogenase (gapdh2), β-actin (actb2) or
18S ribosomal (18s) RNA, ubiquitin (ubq), and subunit a1 of elongation factor 1 gene, (ef1α).
The Ct value indicates the fractional cycle at which fluorescence intensity reached the fluores-
cence threshold. For this analysis the best CPA conditions were analysed: dimethyl sulfoxide
(DMSO) and dimethyl formamide (DMF) supplemented with 10% egg yolk (EY), compared
to fresh control. Transcriptional levels (Ct values) of candidate reference genes were expressed
as a mean ± SE (n = 3, and 3 technique replicates). The stability value was calculated after a
2^-Ct transformation using Normfinder software.
(TIF)
S3 Fig. S. senegalensis sperm quality analysis analysed by a Principal Component Analysis
(PCA). A Principal Component Analysis was performed to reduce the dimensionality of a
data set. PCA results defined two components, one explaining 93% of the total variance of our
results (component 1), and the other explaining 5% (component 2). Component 1 corresponds
to lipid peroxidation data, and component 2 corresponds to motility parameters.
(TIF)
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